Conclusions-The increase in the left atrial diameter, the pulmonary capillary wedge pressure, and total pulmonary resistance observed after the TIPS procedure reflected diastolic dysfunction of the hyperdynamic left ventricle in patients with alcoholic cirrhosis. The haemodynamic eVects of the portosystemic stent shunt itself on the splanchnic circulation seem to be mainly responsible for the further decrease in systemic vascular resistance. TIPS may unmask a coexisting preclinical cardiomyopathy in patients with alcoholic cirrhosis and portal hypertension. (Gut 1999;44:743-748) 
It has been known for more than four decades that hepatic cirrhosis is associated with cardiovascular abnormalities. The initial studies performed in the early 1950s documented the existence of a hyperdynamic circulation in cirrhosis, manifested by increased cardiac output and reduced systemic vascular resistance. 1 Overt heart failure is generally not a prominent feature of hepatic cirrhosis, because the marked peripheral vasodilation reduces the afterload of the left ventricle, thus unloading the heart and masking any severe manifestation of heart failure. [2] [3] [4] However, when cirrhotic patients are challenged by pharmacological or physiological stress, a syndrome termed "cirrhotic cardiomyopathy" may become apparent. 5 6 The transjugular intrahepatic portosystemic stent shunt (TIPS) is a decompressive treatment for portal hypertension. It is based on the creation of a intrahepatic channel between the portal vein and the right hepatic vein. 7 8 The sudden decompression of the splanchnic circulation induces a blood volume shift into the systemic vascular bed, which may be comparable with that observed during surgical shunt procedures. 9 10 This may explain the occasional clinical observation of acute heart failure after TIPS or a surgical portocaval shunt. [11] [12] [13] The purpose of this study was to determine the acute and delayed eVects of a portosystemic stent shunt on cardiac dimensions and function as well as on pulmonary and systemic circulation in patients with alcoholic cirrhosis treated for variceal bleeding by TIPS.
Methods

PATIENTS
We selected 17 consecutive patients (14 men and three women, mean (SD) age 50.6 (9.9) years) with alcoholic cirrhosis and recent variceal bleeding, who had been in a stable circulatory state for at least two weeks before TIPS implantation. Patients with nonalcoholic cirrhosis, active variceal bleeding, acute alcohol abuse, alcoholic delirium, or undergoing emergency treatment with TIPS were excluded. Patients with a history suggestive of, and/or electrocardiogram results or echocardiographic changes indicating, concomitant heart disease-for example, valvular heart diseases, ischaemic heart disease-were also excluded. A further exclusion criterion was ascites detectable on ultrasound, because the systemic circulation could be aVected by volume changes subsequent to diuretic treatment or ascites absorption/formation. 14 15 Drugs that may influence haemodynamic parameters-for example, -blocker agentswere discontinued in all patients at least three days before the haemodynamic measurements. The severity of the cirrhosis was classified according to the Child-Pugh scale: six patients were grade A, eight grade B, and three grade C. Patients remained conscious during the entire procedure, which was performed without general anaesthesia or muscle relaxation. Premedication consisted of 50-100 mg pethidine and 2.5-5 mg midazolam given intravenously before commencement of the TIPS procedure. All patients gave written informed consent to participate in the study, which was approved by the local ethics committee.
ECHOCARDIOGRAPHY
All patients underwent an echocardiographic examination (2.5 MHz ultrasound system SSD 830, Aloka Ltd, Tokyo, Japan) before and nine hours after the TIPS procedure performed by the same operator, who is familiar with cardiac ultrasound. Simultaneously, the resting heart rate (HR) was determined by electrocardiography. Left atrial diameter and end systolic and end diastolic cross sectional diameters of the left ventricle were measured in M mode diagrams derived from the left parasternum in the two dimensional long axis and short axis view of the heart. The longitudinal left ventricular internal diameters were determined in the apical two chamber view. From these variables, the end diastolic (LVEDV) and end systolic (LVESV) left ventricular internal volumes were estimated using a modified Simpson's rule according to the recommendations of the American Society of Echocardiography. 16 The stroke volume (SV E ), the ejection fraction (LVEF), and the cardiac output (CO E ) of the left ventricle were calculated using the following formulae: SV E = LVEDV − LVESV LVEF = SV E /LVEDV × 100 CO E = SV E × HR All values reported were calculated from three consecutive cardiac cycles.
CATHETER MEASUREMENT
Before TIPS implantation, a Swan-Ganz flow directed monitoring catheter (model 93A-131, size 7F; American Edwards Laboratories, Santa Ana, California, USA) was introduced via the cubital vein and placed in the pulmonary artery. The right atrial pressure, the systolic, diastolic and mean pulmonary artery pressures, as well as the pulmonary capillary wedge pressure were measured (Servomed SMV 104 T; PPC Hellige, Freiburg, Germany). Cardiac output was determined using the thermodilution technique (Edwards Laboratories, model 9520A), and blood pressure was measured with a mercury sphygmomanometer. The portosystemic shunt was created using a balloon-expandable Palmaz stent with a lumen diameter of 8-12 mm. 7 All measurements were repeated immediately after this procedure. In a subgroup of nine randomly selected male patients (mean age 47.9 (10.6) years, Child-Pugh grade A (n = 4), Child-Pugh grade B (n = 4), Child-Pugh grade C (n = 1)), further follow up measurements were performed at 90 minutes, three, six, and nine hours after TIPS. The portoatrial pressure gradient was determined before opening of the shunt, and 5 to 10 minutes as well as nine hours after shunt procedure with the pressure device used for the measurements in the pulmonary circulation. All values were derived in triplicate by the same investigator. Cardiac output, systemic vascular resistance, and total pulmonary resistance were calculated as described. 17 
DUPLEX SONOGRAPHY
In the subgroup (nine patients), portal vein blood flow velocity was measured by duplex sonography (Ultramark 9; ATL, Bothell, Washington, USA). The portal vein diameter (d) was determined by real time sonography before and nine hours after the TIPS implantation. The measurements were performed in triplicate. Portal vein blood flow (F) was estimated from the equation F = d 2 V max (1/8). Portohepatic vascular resistance was calculated as the diVerence in portoatrial pressure gradient divided by the portal vein blood flow.
STATISTICAL ANALYSIS
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS for Windows, 7.5). All data were tested for normal distribution. These were then expressed as mean (SD). The Wilcoxon test for paired data was used. The influence of the TIPS procedure was tested by analysis of variance and covariance. This was performed in conjunction with repeated measures and pairwise multiple comparison (StudentNewmann-Keuls method). DiVerences with a statistical error probability of <5% were considered significant. Table 1 summarises the results of the echocardiographic examination before and nine hours after the stent implantation. Before TIPS, left atrial diameter, left ventricular end diastolic volume, stroke volume, and cardiac output were distinctly above the upper normal limit. Left ventricular end systolic volume and left ventricular ejection fraction were within the upper limit of the normal range. Nine hours after the TIPS procedure a significant increase in left atrial diameter (2.5 (1.5) mm; 6%), left ventricular end diastolic volume (11.0 (13.1) ml; 7%), stroke volume (12.2 (12.1) ml; 12%), cardiac output (1.27 (1.13) l/min; 16%), and left ventricular ejection fraction (3.2 (2.6)%; 5%) was found. The cardiac output before and nine hours after TIPS, calculated by two dimensional echocardiography (7.9 (1.7) v 9.1 (2.2) l/min), was comparable with the corre- ; 27%). In the subgroup of nine patients for whom the period of catheter measurements was extended to nine hours, immediate haemodynamic changes comparable with the main study group were observed after the TIPS procedure. During the nine hour follow up period, the pulmonary artery pressures, the right atrial pressure, and the cardiac output returned towards the preshunt values, but remained significantly elevated (change at nine hours: mean pulmonary artery pressure, 4.0 (2.4) mm Hg, 27%; pulmonary capillary wedge pressure, 2.6 (3.1) mm Hg, 27%; right atrial pressure, 2.5 (2.5) mm Hg, 39%; cardiac output, 1.4 (1.3) l/min, 16%). The systemic vascular resistance remained significantly reduced (change at nine hours: 219 (129.8) dyn·s·cm −5 , 27 %), whereas the total pulmonary resistance did not diVer significantly from preshunt values (table 2, fig  1) . Table 3 compares the haemodynamic variables in the splanchnic and systemic circulations of the subgroup of nine patients before and nine hours after the TIPS procedure. The shunt resulted in a significant reduction in portoatrial pressure gradient (change 8.8 (2.7) mm Hg; 43%) and the portohepatic vascular resistance (1370 (357) dyn·s·cm Values are expressed as mean (SD). *p<0.05, **p<0.01 v before TIPS. HR, heart rate; BP,syst, systolic blood pressure; BP,diast, diastolic blood pressure; P PA ,syst, systolic pulmonary artery pressure; P PA ,diast, diastolic pulmonary artery pressure; P PA , mean pulmonary artery pressure; P PC , pulmonary capillary wedge pressure; P RA , right atrial pressure; CO, thermodilution measured cardiac output; SV, stroke volume calculated by thermodilution; SVR, systemic vascular resistance; TPR, total pulmonary resistance.
Results
sponding invasively determined values (8.5 (1.7) v 10.0 (1.7) l/min) (fig 1).
Discussion
The baseline echocardiographic data suggest an alteration in the diastolic, but not the systolic, left ventricular function in the patients with alcoholic cirrhosis. These findings are supported by another echocardiographic study 18 of cirrhotic patients, mainly chronic alcoholics, with an elevated left ventricular end diastolic volume index, whereas the left ventricular end systolic volume index was almost unchanged compared with healthly adults. In contrast, Askansis et al 19 showed increased end diastolic and end systolic left ventricular volumes in chronic alcoholics, indicating an additional systolic dysfunction. Estruch et al 20 observed increased left ventricular end diastolic diameters in active alcoholics, but not in nonalcoholic cirrhotic patients. Dancy et al 21 found that the increased left ventricular dimensions observed in alcoholics were directly related to alcohol, but were independent of the presence and severity of liver disease.
Liver cirrhosis is characterised by a hyperdynamic circulation, with an increased cardiac preload 22 and a decreased cardiac afterload. 23 For healthy hearts, the diastolic filling of the left ventricle and the systolic emptying would be enhanced under these haemodynamic conditions. However, in rats with cirrhosis, a limited cardiac preload reserve was shown. 22 Our echocardiographic findings and the additional catheter data support the existence of a similar haemodynamic situation in our patients with alcoholic cirrhosis. The increased right atrial pressures up to nine hours after the intervention indicate that the acute blood volume shift from the splanchnic to the systemic circulation induced by the TIPS procedure exceeds the filling capacity of the right ventricle. The persistent increase in the pulmonary capillary wedge pressure and the significantly increased left atrial diameter nine hours after the intervention indicates a diminished left ventricular preload reserve, which triggers secondary eVects on the pulmonary circulation. These are reflected in a persistent moderate increase in the pulmonary artery pressures and the total pulmonary resistance. However, the fact that right atrial pressure, pulmonary artery pressures, pulmonary capillary wedge pressure, and total pulmonary resistance returned towards the baseline value during the nine hour follow up period indicates extensive cardiac compensation by rapid distribution and excretion of the shunted blood volume. Another factor that may influence the haemodynamic eVects of the TIPS procedure is the impairment of -adrenergic receptor function in cirrhotic cardiomyopathy. 6 24 It has been well recognised that blood noradrenaline levels are elevated in cirrhotic patients 25 26 and that baseline noradrenaline levels correlate positively with the severity of the cirrhosis. 3 Elevation of the sympathetic tone may be responsible for the decreased 2 -adrenergic density in circulating lymphocytes of cirrhotic patients 27 and in cardiomyocyte plasma membranes in the cirrhotic rat model. 28 29 These findings are assumed to play a causal role in the inadequacy of the heart rate increase to compensate for the increased cardiac preload found after the creation of a TIPS.
It has been hypothesised that a portosystemic shunt may diminish the hepatic clearance of gut derived vasoactive agents 30 -for example, endotoxin 31 -which contribute to the activation of nitric oxide synthase of endothelial and smooth muscle cells. [32] [33] [34] In addition, a further increase in the concentration of glucagon and other mediators, such as prostaglandins and vasointestinal polypeptides, may contribute to a shunt induced diVuse vasodilatation. 35 36 These vasoactive agents have been reported to be additional relevant factors influencing the pulmonary and systemic circulations after creation of a portosystemic shunt. However, the diVerential eVects of the shunt-induced blood volume shift on the pulmonary and systemic circulations argues against a predominant role for these humoral factors in the haemodynamic changes after TIPS in our study. One would expect that these vasoactive substances, once eliminated by hepatic clearance, would aVect the systemic and pulmonary vascular beds in the same way.
In our patients, the increase in portal vein blood flow (1.4 l/min; table 3) nine hours after the TIPS implantation was associated with a comparable increase in cardiac output (1.5 l/min; table 2). These haemodynamic changes were associated with a substantial reduction in the portohepatic vascular resistance (72%; table 3) and the systemic vascular resistance (27%; table 2). Thus one major explanation for the persistent decrease in systemic vascular resistance after TIPS implantation is assumed to be the haemodynamic eVects of the shunt itself. Our data suggest that the fall in portohepatic vascular resistance after the creation of a portosystemic stent shunt in portal hypertension is mainly responsible for the further decrease in the systemic vascular resistance. This eVect on systemic vascular resistance, which has been confirmed in other studies, 37 38 may be of great clinical importance because of its possible negative eVects on renal function.
In contrast with these eVects on the systemic circulation, there are somewhat conflicting results on the eVects of TIPS on the pulmonary circulation. In our study, the total pulmonary resistance significantly and sharply increased and remained moderately elevated nine hours after the TIPS procedure. Van der Linden et al 37 reported an acute increase in pulmonary vascular resistance immediately after opening of the shunt and a delayed decrease towards the preshunt values within 30 days of the shunt procedure in patients with alcoholic (n = 13) and non-alcoholic (n = 3) cirrhosis, including six cases with ascites. However, Colombato et al 38 observed a decrease in pulmonary vascular resistance immediately after the shunt procedure in patients with alcoholic (n = 10) and non-alcoholic (n = 5) cirrhosis, including seven cases with ascites. The inconsistency of the findings in the various studies might be explained by diVering underlying cardiac and circulatory states in the cirrhotic patients, dependent on the cause and severity of the liver disease. Whereas diastolic function of the left ventricle has an eVect on total pulmonary resistance, systemic vascular resistance is more dependent on the systolic left ventricular function. Therefore, a pre-existing clinically not apparent diastolic dysfunction in a hyperdynamic left ventricle, as in our patients with alcoholic cirrhosis, may explain the opposite reactions of total pulmonary resistance and systemic vascular resistance immediately after TIPS.
In summary, our results indicate that, in our patients with alcoholic cirrhosis, the acute blood volume shift from the splanchnic to the systemic circulation after the TIPS procedure was suYcient to unmask a diastolic dysfunction of the already hyperdynamic left ventricle. In addition, it must be taken into consideration that the TIPS procedure was associated with a further reduction in the already decreased systemic vascular resistance found in portal hypertension. However, all of these acute haemodynamic changes were, to a great extent, compensated for within nine hours of the intervention, and were not of major clinical relevance in our study population.
Altogether, the findings suggests a coexisting clinically not apparent diastolic myocardial dysfunction in our patients with alcoholic cirrhosis, which, at a later stage may be complicated by a concomitant impairment of myocardial contractility, leading to so called "alcoholic cardiomyopathy". 21 In this situation, the TIPS procedure could be complicated by high output congestive heart failure as described in a case study. 13 Future studies investigating haemodynamic eVects of TIPS procedures in portal hypertension should rigorously define the inclusion criteria for patients in order to categorise the haemodynamic eVects of TIPS according to the cause of the cirrhosis (non-alcoholic v alcoholic) and severity of the disease.
STUDY LIMITATIONS
The identification of a specific alcoholic cardiomyopathy in our patients with alcoholic cirrhosis based on the echocardiographic data determined in this study is not possible. Firstly, because of the hyperdynamic circulation from the start in patients with cirrhosis, the left ventricular ejection fraction appears to be an unreliable variable to use to quantify preclinical impairment of the left ventricular systolic function in patients with alcoholic cirrhosis. Our findings suggest that future echocardiographic investigations should be directed more toward assessing diastolic myocardial function and particularly toward detecting impaired left ventricular diastolic filling in the early stages of the disease in cirrhotic patients. Secondly, we were not able to clearly discriminate between cirrhotic cardiomyopathy per se and presumed alcoholic cardiomyopathy in our patients, because supplementary echocardiographic data for patients with non-alcoholic cirrhosis were not obtained in this study. Therefore additional echocardiographic investigations are necessary to define very strict criteria with regard to this issue. Finally, our study design did not allow the exclusion of possible influences of endogenous vasoactive agents on the haemodynamic changes observed after the TIPS procedure.
